Studies in animal models, and to a lesser extent in humans, have revealed a wide range of long-lasting adaptations in neuronal excitability, synaptic function, neuron architecture, and expression of genes associated with neural plasticity after exposure to drugs or alcohol. Similar alterations have been observed in individuals with differential genetic vulnerabilities for substance abuse. As the techniques for identifying neural adaptations have multiplied and data have accumulated at a rapid pace, it has become clear that there is a formidable problem in determining which adaptations are critical for establishing and maintaining addiction, and which are not [1, 2] . Two NIDA-supported symposia at the 2007 Society for Neurosciences (SFN) meeting address this problem. A symposium in the National Institute on Drug Abuse (NIDA) Frontiers in Addiction Research Miniconvention, "Neuronal Adaptations and Counteradaptations", showcases three very different approaches in presentations by Robert Malenka, L. Judson Chandler, and Lorna Role. An SFN symposium, "Reconciling Molecular and Electrophysiological Evidence of Cocaine-Induced Neural Plasticity", focuses on the apparent contradiction between molecular and neurophysiological changes in nucleus accumbens and recent studies that attempt to resolve this contradiction in presentations by Marina Wolf, Mark Thomas, Xiu-Ti Hu, and Laura Peoples. These symposia are represented by two papers in this issue [3, 4] .
treatment. The study further showed that decreasing MSN excitability alone, by overexpression of an exogenous potassium channel, was sufficient to mimic cocaine behavioral sensitization. Taken together, the results indicate that CREB activation in the NAc helps to limit the sensitized response to repeated cocaine exposure produced, at least in part, by cocaine-induced decreases in MSN excitability. Findings such as these illustrate the complexity of identifying which cellular changes in which brain areas mediate addiction and which are secondary events, especially for ubiquitous transcription factors such as CREB [6] .
Structural modifications of dendrites and dendritic spines have long been associated with experiencedependent changes in behavior. However, there have been relatively few investigations of changes in neuronal architecture in relation to the development of addiction to drugs or alcohol, despite the fact that addiction is a profound example of an experience-dependent change in behavior and psychological function [7] . Chandler and colleagues have recently begun to investigate structural plasticity and its molecular basis in response to alcohol exposure [3, 8, 9] . Their observations in hippocampal neurons support a model in which chronic ethanol exposure induces homeostatic increases of NMDA receptors and other molecular components of the postsynaptic density as an adaptive response to reductions in synaptic signaling produced by ethanol. Further, their results suggest that these changes in protein localization promote the enlargement of dendritic spines. Chandler's evidence for spine enlargement in the hippocampus after exposure to alcohol, along with extensive evidence for structural plasticity in dendrites and dendritic spines induced by psychostimulants and nicotine from studies by Robinson and Kolb [7] , reflect the profound ability of substances of abuse to alter neuronal connectivity.
Another approach for discovering neural mechanisms of drug dependence has been to identify genetic differences among individuals with differential vulnerability for addiction. One interesting example of this approach stems from the observation of the excessive prevalence of smoking among schizophrenic patients. This association has led to a search for evidence that alterations in nicotinic receptors or their expression are involved in the pathophysiology of schizophrenia and nicotine dependence in schizophrenic patients [10, 11] . Role's research on the development of nicotinic synapses led to the discovery of neuregulin 1 (Nrg1) as a key regulator of the α7 nicotinic acetylcholine receptor (α7-nAChR). Genetic variations in the α7-nAChR have been linked with sensory gating deficits associated with schizophrenia, and recently, genetic variants of Nrg1 have been associated with heritable forms of schizophrenia. Role suggests that α7 and Nrg1 variants may predispose to nicotine dependence and that convergent effects of Nrg1 and a7 expression underlie the comorbidity of nicotine abuse and susceptibility to neuropsychiatric disorders such as schizophrenia.
RECONCILING MOLECULAR AND ELECTROPHYSIOLOGICAL EVIDENCE OF COCAINE-INDUCED NEURAL PLASTICITY
The hallmark symptoms of drug dependence include a compulsive desire to seek and take drugs, reduced motivation to respond to natural rewards, and the long-lasting, often lifetime, susceptibility to relapse in response to drug-related environmental cues, stress, and other triggers. Many lines of behavioral and neurobiological research have suggested that neural adaptations in frontal-striatal circuits are a key mechanism in establishing and maintaining drug dependence [12, 13] . However, until recently, it has been difficult to reconcile the sometimes contradictory data to establish a model of how specific cellular neuroplasticity relates to behavioral outcome. A recent review by Kalivas and Hu [14] and the symposium at the 2007 SFN Annual Meeting combine new experimental evidence and ideas to resolve these apparent contradictions, and explain how psychostimulant-induced neuroplasticity in the NAc contributes to addiction.
The contradictory evidence can be seen in the results from electrophysiological studies, which show that repeated exposure to psychostimulants reduces the activity of NAc neurons [4, 14] , whereas other evidence suggests that drug exposure enhances excitation of NAc neurons, particularly in response to inputs from the prefrontal cortex (PFC). Such evidence includes an increased cell-surface expression of AMPA glutamate receptors on MSNs in the NAc, increased glutamate release from PFC terminals, increased numbers of dendritic spines after drug exposure, and increased neuronal firing in awake, behaving animals during drug self-administration and to drug-related cues in withdrawal.
To explain why the consequences of repeated cocaine can be either excitatory or inhibitory one may propose that the results of specific experiments depend on drug history, whether drug is self or experimenter administered, the duration of abstinence, or the area of NAc being examined. Recent studies by the Thomas and Wolf laboratories provide excellent examples of how drug history can influence synaptic plasticity [15, 16, 17] . Thomas and colleagues recorded whole-cell synaptic physiology in NAc shell neurons in mouse brain slices and demonstrated a progression of synaptic potentiation and depression in glutamatergic synaptic strength after repeated in vivo exposure to cocaine. In their previous studies, they had observed synaptic depression in NAc after repeated cocaine exposure and a period of abstinence, but the animals had all been tested for sensitization with a drug challenge shortly before brain slices were prepared for recording. In the new study, the investigators specifically tested whether the cocaine challenge affected the plasticity of NAc excitatory synapses. They found that repeated drug exposure followed by a 10-14 day drug-free period produced a robust potentiation of AMPAR-mediated synaptic transmission. However, a single re-exposure to cocaine triggered synaptic depression, abruptly reversing the initial potentiation. This latter finding demonstrates that a past history of repeated drug exposure can dramatically alter the type of synaptic plasticity elicited by a single drug dose.
Wolf and colleagues generated parallel biochemical findings using a protein cross-linking assay to distinguish between cell surface and intracellular AMPA receptors. NAc tissue taken from cocainesensitized animals after 14 of 21 days of abstinence had an increased surface/intracellular ratio of AMPAR subunits. No increases were seen in tissue from animals that failed to sensitize to the same treatment regimen, nor in tissue tested after only 1 day of withdrawal. However, in NAc tissue from sensitized rats that were re-exposed to cocaine after 14 days of withdrawal and killed 24 hours later, the AMPA receptor surface/intracellular ratio was reduced below control levels. These results indicate that AMPA receptors redistribute to the cell surface during cocaine withdrawal but internalize within 24 hours of cocaine challenge [16, 17] .
A study by Antonello Bonci and his colleagues illustrates that the nature of drug-related synaptic plasticity may depend on the area examined in the NAc [18] . In this study, rats were trained to selfadminister cocaine, and recordings were made from both NAc core and shell. One day after drug exposure, they found that long-term depression (LTD) was inhibited in both the core and shell regions, but after 21 days of abstinence, LTD remained inhibited only in the NAc core.
Another approach to reconcile contradictory findings regarding increased AMPA receptor expression and neuronal hypoactivity takes homeostatic synaptic scaling into account. Studies by Hu and his colleagues in recordings from dissociated NAc neurons and brain slices, conducted in the laboratory of the late Francis White, have consistently shown that ionic currents mediated by various K + , Na + , and Ca ++ channels, are altered by repeated cocaine exposure to decrease the excitability of MSNs in early withdrawal [19] . Wolf and colleagues propose that this decrease in excitability, coupled with hypoactivity in cortical areas sending excitatory projections to the NAc, leads to a compensatory increase in postsynaptic AMPA receptors via synaptic scaling, a form of homeosotatic plasticity [16] . This mechanism would explain electrophysiological and biochemical evidence indicating increased AMPA receptor transmission in the NAc after cocaine withdrawal as described above. Finally, the contradictory findings might be reconciled by taking into account the fact that, behaviorally, drug exposure increases responses to drug-related cues and drug seeking while at the same time it decreases the value of nondrug reward. Peoples has proposed a "differential inhibition hypothesis", which posits that specific adaptations that facilitate responsiveness to excitatory afferents combine with decreased intrinsic excitability to enhance signals that promote drug seeking and weaken signals that normally promote other motivated behaviors [4, 20] . The hypothesis, which is described in detail in this issue, combines evidence from the sorts of cellular level studies described above with results from single neuron recording experiments in awake animals in a number of self-administration paradigms that have been conducted in her laboratory and by others [21, 22, 23, 24] .
FUTURE DIRECTIONS, GAPS AND OPPORTUNITIES
Long-lasting alterations in neuron excitability and synaptic function have a profound effect on behavior and information processing in the brain, but understanding the causes and consequences of these adaptations is particularly complex in relation to substance abuse. Neural adaptations observed after exposure to drugs or alcohol may be direct responses to the pharmacological effects of the drug, indirect effects of engaging brain systems involved in reward processing and learning, or compensatory, homeostatic responses to changes in excitability caused by drug exposure. Drugs of abuse or alcohol can also interfere with ongoing processes of neural adaptation, such as activity-dependent plasticity involved in learning or development.
The approaches described above have been fruitful in identifying cellular changes that mediate addiction. NIDA encourages more research along these lines, particularly with approaches that combine cellular level studies, neurophysiology, and behavioral analysis. To test the functional significance of neuroadaptations produced by drug exposure, more studies could take advantage of relapse/reinstatement models and comparisons between contingent and non-contingent drug administration. Another promising avenue is the use of computational models, particularly those that can test the sensitivity of the neural circuits involved in addiction to the types of cellular adaptations observed in experimental studies and provide testable hypotheses for further experimentation [e.g. 25, 26, 27, 28, 29, 30] . Recent initiatives at NIDA have also emphasized the importance of gene/environment/developmental interactions, social neuroscience, and epigentic processes, for understanding the neural basis of addiction and discovering targets for treatment.
